Electrical resistance tomography (ERT) was used to follow the infiltration of water into a pavement section at the UC Berkeley Richmond Field station. A volume of pavement 1 m square and 1.29 m deep was sampled by an ERT array consisting of electrodes in 9 drilled holes plus 8 surface electrodes. The data were collected using a computer-controlled data acquisition "systemcapable of collecting a full data set in under 1 hour, allowing for nearly real-time sampling of the infiltration.
more rapid rate of about 100 nWh for about 2 days. The ERT images show that water introduced into the upper AC layers shows up as a decrease in resistivity which grows with time. The images also appear to show that when water moves into the layers below the ATPB, the resistivity increases; an unexpected result. There are some indications that the water moved laterally as well as down into the deeper ATPB and aggregate base. The images also show that when water is introduced directly into the ATPB layer, the water moves into the underlying materials much more quickly. Analysis of the data is incomplete but ongoing at this time.
.-
Background
The work described in this report represents the continuation and completion of a contract between Lawrence Livermore National Laboratory (LLNL) and the California Department of Transportation (Caltrans) which began in November of 1994, and was terminated in June, 1995. A contract for the balance of the work was approved in November of 1996, and was to be completed by June 30,
1997.
The major objectives of this work are 1) to adapt and improve Electrical Resistance Tomography (ERT) imaging to the point where it can be used to map spatial moisture distribution and moisture movement in pavements, 2) to develop a prototype ERT acquisition and display system for use in a research environment, and 3) to identify specific applications for ERT in pavement engineering.
The work is broken down into the five tasks which follow.
Task 1) In-move Data Acquisition Svstem
The principal goal is to improve the speed of the data acquisition system so that we can track moisture movement in pavements in nearly real time.
Task 2) Immove Inversion Code
The objective is to evaluate and improve an existing prototype of a fully 3-dimensional ERT inversion code.
Task 3) Laboratory Measurements
The objective is to make laboratory measurements of the electrical resistivity for the principal materials in the pavements section at the controlled infdtration experiment (see Task 4).
Task 4) Controlled Infiltration Exmwiment
The objective is to perform a simple, controlled water infiltration experiment. Water will be introduced into a pavement section at the U.C. Berkeley Richmond Field Station in a controlled manner and monitored with ERT imaging in several planes.
.,
Task S DeveloD Proiect ReDort
Introduction .-
The presence of water in pavements has a major influence on design and performance of pavement structures during their design life. Current knowledge about the presence of water in pavement materials and how it moves around in response to seasonal and load variations are based upon a combination of theory, engineering judgment, and a few confirmatory measurements. Moreover there are problems associated with the sensors typically used to make moisture measurements such as electrical resistance moisture sensors (ERMS), and time domain reflectometq (TDR) probes.
For example, each ERMS must be calibrated separately for the type of soil in which it is placed--an expensive proposition because it is labor-intensive. In addition moisture content is sensed only at a point or in small volume around the sensor necessitating a large number of sensors to achieve a reasonable sampling density. Emplacing large numbers of sensors is labor-intensive, expensive, and difficult in existing pavements which comprise nearly all of the highway network.
Electrical Resistance Tomography (ERT) is a method of imaging which allows one to gather information about the electrical resistivity distribution in planes whose boundaries are described by arrays of electrodes in boreholes or implanted on the surface. The collected data are "inverted" to obtain a resistivity picture which is analogous to the familiar images produced by Computed Axial Tomography (CAT) in medicine (Hounsfield, 1973) , and which can be interpreted in terms of moisture distribution for many natural and man-made materials, ERT technology allows one to measure the electrical resistivity of materials in the plane between drill holes using electrodes located at the plane boundaries. This is in direct contrast to the information provided by ERMS and TDR sensors where the moisture content can be inferred only in the region immediately around the sensors.
ERT technology was developed originally for medical applications (Hounsfield, 1973) , but has been extended over the years by many workers into other areas such as geophysics where it has been effectively used to monitor steam flow in environmental remediation (Ramirez et al, 1993) , to monitor the infiltration of water into soils , to detect leaks from storage tanks and ponds (Daily, 1993) , and, in a preliminary experiment, to show the infiltration of water into a pavement section (Kim and Nokes, 1993) .
In this California Department of Transportation (Caltrans) study Kim and Nokes conclude that ERT can be used to study drained pavement structures after some improvements to the technology.
To better understand water flow in the pavement system they recommend improvements to the data collection and analysis system. Specifically the data collection time should be decreased to better match the time scale of changes in the flow pattern in the pavement structure. In addition they suggest that the system be changed so that data can be collected in multiple planes simultaneously.
Finally the current 2-dimensional dimensional version which better pavements.
image reconstruction code needs to be replaced with a 3-matches the spatial characteristics of water movement in With a fast data collection system and enhanced computer codes for ERT image reconstruction, ERT technology eventually should be applicable in numerous areas of pavement study such as visualizing water flow in pavement systems, pumping mechanisms, and traffic effects on water movement in pavement structures.
Electrical
Resistance Tomography (ERT); concept and theory
To image the resistivity distribution between two boreholes, several electrodes are placed in each hole; each electrode inelectrical contact with the fomation (see Figure 1) . Two electrodes are driven byabown cumentand theresulting voltage difference ismeasured between other pairs of electrodes. Each voltage to current ratio is called "atransfer resistance. Then, a known current is applied between two other electrodes and voltage differences are measured again using electrode pairs which are not being used for the source current. This process is repeated until all the linearly independent combinations are measured. For n electrodes there are n(n-3)/2 independent transfer resistances. The measurements which we have described for a cross borehole survey are similar to those used in the conventional surface dipole-dipole resistivity survey [Schlumberger, 1920] .
The goal is to calculate the distribution of resistivity in the vicinity of the boreholes given the measured transfer resistances. This problem, although highly nonlinear because the current paths are dependent on the resistivity distribution, has been studied by many people. For example, Dines and Lytle [1981] used a circuit analysis approach to generate estimates of the conductivity using an iterative process on network equations that are linearized in the unknown conductance variables. Other early approaches met with varying degrees of success (e.g., Henderson and Webster [1978] , Pelton et al. [1978] , Nariida and Vozoof [1984] , Tripp et al., [1984] , Kohn and Vogelius [1987] , Wexler et al. [1985] , Brown et al. [1985] , Isaacson [1986] , Yorkey [1986] , Yorkey et al., [1987] ). Recent work by Berryman and Kohn [1990] shows that variational constraints can be used to stabilize such inversions.
Forward solution
The forward solution to Poisson's equation uses the finite elements method (FEM) to compute electrical potential response of a two dimensional earth due to a three-dimensional source. To avoid the difficulty of numerically solving a three dimensional problem, Poisson's equation is formulated in wavenumber domain via Fourier transformation in the strike direction. The governing equation is [Hohrnann, 1988] (1)
where V is potential in Fourier transform domain, o is conductivity, X.is the Fourier transform variable, I is the source current, and 8(x) is the delta function, The two dimensional FEM algorithm discussed here is based on the theory described by Huebner and Thorton [1982] and the implementation follows that described by Wannamaker et al. [1987] for modeling two dimensional magnetotelluric data. Using the FEM method, potentials are calculated for a discrete number of transform variables at the nodes of a mesh of quadrilateral elements. The potentials are then inverse transformed back into Cartesian domain using the method described by LaBrecque [1989] .
Numerical Inversion
The inversion method uses the modified Marquardt algorithm discussed in Chapter 5 of Bard [1974] to jointly solve the non-linear equation
and the equation
where D is the vector of known data values,~is a weighting matrix, P is the vector of unknown parameters; F(P) is the forward solution and~is the roughness matrix which is a numerical approximation to the Laplacian operator [Sasaki, 1990] . To solve these equations jointly, the algorithm minimizes .-,
where c is a constant~-d X2is the Chi-squared statistic which is given by
Ideally the inverse algorithm would find the maximum value of c for which X2 is equal to some known, a priori value. The constant, c, was determined by trial and error by calculating an inverse model with an a priori value of c then adjusting c if necessary to achieve the correct value of X2. HVS, is being used to do accelerated testing of pavement sections. This project was able to use a small pavement section in B-280 which will not be used with the HVS.
The infiltration experiment

Layout and installation
The test pavement section consists of an asphalt-concrete (AC) overlay, underlain by two densegrade asphalt concrete (DGAC) layers, underlain by a layer of asphalt-treated permeable base (ATPB), aggregate base, aggregate sub-base, and then native soil. The cross section is shown in -17, 4-17, 13-17, 16-17) , vertical planes for the sides of the inner box (7-6, 7-11, 10-6, 10-1 1), vertical diagonals for the inner box (6-17, 7-17, 10-17, 11-17) , and the surface array consisting of the uppermost electrodes in holes 1-16. The full data set takes approximately 6.5 h to collect and consists of 6656 data values. The electrode arrays are constructed very simply from pieces of stainless steel screen wrapped around a plastic pipe and secured to the pipe with PVC tape as shown in Figure 4 . A wire for each electrode runs along the pipe to the surface and is terminated with a banana-style plug for connection to the measurement system. The electrode is connected electrically to the pavement or soil by a surrounding layer of cement grout. The three upper electrodes in each hole are isolated from each other by a plug of epoxy so that these electrodes are not directly shorted to each other by a continuous layer of conductive grout in the highly-resistive upper layers of the pavement section.
The design is such that a small amount of water maybe added from the inside ,of the pipe through small holes to wet the grout around the electrode if necessary which reduces the contact resistance to the pavement materials or soil. were collected. These background data are used as a reference for comparisons to data collected during the infiltration. ,.,
The experiment consisted of water infiltration in two phases. During phase 1, a slow infiltration into the upper, relatively non-permeable pavement layers was desired. In contrast, during phase 2, water was to be introduced at a higher rate into the more permeableATPB layer.
Phase 1 began by filling hole A with tap water to the top, and collecting ERT data while observing the rate of infiltration. In this case we observed no drop in the water level, and so decided to move to hole B. Water was added to hole B, and more ERT data were collected during observation.
Again the water level did not fall. Water was now added to fill hole C, and data were collected as before. This time the water level dropped at a rate of about 7 ml/h. This rate was judged acceptable, and the water remaining in holes A and B was vacuumed out. The slow and steady infiltration into hole C continued from May 29 through the morning of June 4. Data were collected periodically and records were kept of the quantity of water added to hole C. The time history of the water infiltrated into hole C is plotted in Figure 6 .
Phase 2 began on the morning of June 4, when water was introduced into hole D. We dripped water from a reservoir into the hole through the afternoon of June 6. The time history of the water infiltrated into hole D is plotted in Figure 7 . In this case the rate was not constant, and the average was about 102 rnlh We noted that the infiltration rate was controlled by the permeability of the ATPB layer since there was always some standing water in the bottom of the hole.
A block diagram of the ERT data collection system is shown in Figure 8 . A Macintosh PowerBook computer controls the system, and collects and stores the data. The computer sets switches in the MX-30 multiplexer which selects a pair of electrodes where current is injected. In the same manner the switches are set to select other electrode pairs for the electrical potential measurements. The excitation current is supplied by the ZT-30 transmitter and HP power supply.
The electrical potential measurements are made by the GDP-32 receiver, and the data are -transferred via a serial cable to the computer.
A photograph of the data acquisition system as described above is shown in Figure 9 . At the Richmond Field Station site, the system was deployed in a small rental truck for convenience.
Results and discussion
We begin by discussing ERT images from the inner box. Figure 10 shows a 3d background ,. resistivity image. As expected, there is a resistive upper layer corresponding to the AC layers and the ATPB. There is a sharp transition between the ATPB and the aggregate base, and the underlying materials are much less resistive. There is no one best way to display the 3d nature of .-the resistivity distribution, so "we have chosen to show several vertical planes and a horizontal plane to help visualize the resistivity distribution in the volume. Note that there are artifacts (features unrelated to the pavement structure) at the comers and center of the image. They are thought to be related to electrode effects near the boreholes.
The simplest way to visualize and discuss the ERT images from the infiltration is to look at the time history of the images for the various planes. This time history is presented in Figures 11 and 12. Let us consider the outer planes first. That is, we shall discuss the planes 10-11,7-6, 10-6, and 7-11 which appear in Figure 11 . We begin with 7-6, and 10-6 since those are the planes closest to Starting the analysis with plane 7-6, resistivity begins to decrease in the upper layers during the first day of the infiltration on May 29. This result is expected because the introduction of water into a dry, porous, resistive material will allow for ionic conduction. As more water infiltrates, the resistivity of the upper layers decreases still fiu-theron May 30 and31, decreases a little on June 1, then shows a steady decrease through the end of the experiment on June 6. Note however, that a resistivity increase is beginning to develop deeper down between about 17.8 cm and 35.6 cm (7 in to 14 in) from the pavement surface. The resistivity in this region increases further on May 31, diminishes slightly on June 1, then grows through June 6. Also beginning on May 30, one sees a small resistivity decrease in the area 7.62 cm to 15.2 cm (3 in to 6 in) from the bottom of hole 6 which grows through June 6.
As indicated above, the resistivity decreases in the resistive upper layers are quite reasonable since the infiltration of progressively larger amounts of water will allow for increasing ionic conduction.
In addition, the resistivity decrease early on (May 30 to June 1) appears to the left of center ,.,, corresponding to the projection of hole C onto the plane 7-6. Starting on June 4, when water is introduced into hole D, the decreases now show up to the right of center corresponding to the projection of hole D onto the plane 7-6. .-
The apparent resistivity increase between 17.8 cm and 35.6 cm (7 in and 14 in) is more difficult to explain. The initial expectation was that resistivity would decrease everywhere water had infiltrated. Two pieces of evidence suggest that these resistivity increases maybe valid. The first is the monotonically increasing nature of the resistivity anomaly as can be seen in the sequence of images for plane 7-6 (and as noted later for plane 10-6). Natural processes tend to behave in this manner, as contrasted to anomalies introduced by noisy data or artifacts from the inversion algorithm. The second is that the raw data reveal resistivity increases in the same region with time.
Thus stepping back one level from the image to the raw data shows the same trend. At the time of
writing, additional data processing and analysis continues. We need to confirm that the unexpected resistivity increases observed are indeed valid.
The observed resistivity increases are unexpected, and not fully understood at this time. One possible explanation for a resistivity increase with infiltrating water is that the infiltrating water changes the chemistry of the conducting double layer in the ATPB and aggregate base.
Continuing with the analysis, let us now investigate plane 10-6. There is essentially no change in We shall now investigate the diagonal planes, 10-7 and 11-6 which appear in Figure 12. -The image of plane 10-7 is produced from data collected for planes 10-17, and 7-17 which are combined and then inverted. Likewise the image of plane 11-6 is produced from data collected for planes 11-17, and 6-17 which are combined and then inverted.
Plane 10-7 contains hole C and very clearly shows decreased resistivity at the location of hole C on May 31. One June 4, the resistivity increase between 27.9 cm and 38.1 cm (11 in and 15 in) indicates that water has gone below the ATPB layer; probably from hole C. On June 5 and 6, this increase as depth diminishes consistent with hole D, the new source of water, now being out of the plane. Note also that the resistivity decrease in the upper layers moves toward the center of the --_ plane on June 5 and 6, also consistent with the new water source.
Plane 11-6 shows little change until May 31 when there is a slight decrease near hole 6. It is not clear why this should be in view of the infiltration source, hole C, being far from the plane. Note that the image of plane 7-6 shows similar behavior near hole 6. On June 4, and thereafter, there is a resistivity decrease at depth below hole D, the water source, which is now in the plane.
What overall conclusions may be drawn from this set of images? As water is introduced into the upper resistive layers from a source like hole C, the resistivity of these layers appears to decrease. This is consistent with the onset of ionic conduction with the introduction of mobile ions from the water, its ability to dissolve salts in the pavement materials, and double-layer conduction. This resistivity decrease seems to spread laterally in many cases.
Furthermore, if one accepts that water penetrating the ATPB layer and aggregate base can raise the resistivity, it is apparent that water can penetrate the upper AC layers and get into the ATPB layer and the aggregate base quickly. Water gets into the aggregate base even more quickly when it is introduced into the ATPB layer directly.
Recommendations
This work is a major improvement over the previous work at Riego Road. The pavement section was sampled much more densely which improved the spatial coverage. In addition, the higher data ,.,. acquisition speed allowed for nearly real-time sampling of the process. Specifically, data for each of the inner planes was collected in about 5.5 minutes compared to about 45 minutes at Riego Road. Thus a fill data set for the inner box could be collected in less than one hour. Finally, the data quality and the resulting images were much improved over the Riego Road data. This is ' possible because the current system has much-improved sensitivity and dynamic range which . allows us to collect high-quality data even in high resistivity materials like the AC and ATPB layers.
Were this work to be extended, some improvements could be made. First the spatial resolution could be improved by having electrodes more closely spaced, and by decreasing the diameter of the upper electrodes from 10.2 cm (4 in). Other changes would be to follow the infiltration for a longer time period, and to investigate the effects of using more conductive water.
As alluded to previously, analysis of the data continues; especially for the planes of the "outer box". Additional work in the lab, and at Richmond Field Station could be done to confirm the observed resistivity increases in the raw data and images. 
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